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(54) Nonvolatile semiconductor memory and method for repairing over-erased cells 



(57) In a nonvolatile floating gate memory cell array, 
memory ceils can become over-erased wherein their 
threshold voltage becomes near zero volts or even 
slightly negative. To correct over-erased ceils and raise 
their threshold voltages to a normal level, a nonvolatile 
memory includes a control circuit for applying a pro- 
gramming voltage (approximately 5V) to the bit lines of 
the memory cell array and a lower voltage (approxi- 
mately 2V) to the word lines of the memory cell array. 
The lower voltage is selected to be less than the thresh- 
old voltage (e.g., 3 V) for a normal cell such that normal 
cells are not affected. However, the cells in an over- 
erased state wil become active by the lower threshold 
voltage and begin conducting. A channel current flows 
to the over-erased memory cells and channel hot elec- 
trons induced by this channel flow into the floating gate 
of the memory cell raises the threshold voltage (VTM) of 
the memory ceil to a normal level. 



OVER-ERASED CORRECTION 
. WRITING PEfilOO 



Ol - On f 

w 1 - w m r 

Si - $rn 



i_z 



5V 

OV 

2V 
OV 



VTM 



— OV 

— 3V 

— 2Y 

—IV 



FIG. 3B 



CM 
< 

CO 
CO 

in 

o 

Q. 
UJ 






7 


CMtECm 


turn 

1 wuiiiS 


imrnn but lies 
ami n n wm u» 



Ell 



FIG. 3A 



Printed by Rank Xerox (UK) Business Servtoes 
2.14.7/a4 



BEST AVAILABLE COPY 



BNSOOCID: <EP 0778SBaA2_L> 



1 



EP0 778583 A2 



2 



Description 

BACKGROUND OF THE INVENTION 

Field of the invention 

The present invention generally relates to a nonvol- 
atile semiconductor memory, and more particularly to a 
method and nonvolatile semiconductor memory having 
floating gates, for electrically writing, erasing and repair- 
ing an over-erased ceil. 

Description of the Related Art 

A conventional nonvolatile semiconductor memory 
has a memory cell array where a plurality of electrically 
writeable and erasable memory cells (M 11 through M^) 
wherein "m" is preferably an integer greater than 1, 
each having a floating gate, are arrayed in row and col- 
umn directions. A plurality of word lines (Wj through 
WJ connect the memory cells in the row directions, 
and a plurality of bit (digit) lines {D 1 through connect 
the memory cells in the column directions. 

An X decoder is provided for selecting the word 
lines (W 1 through WJ with an address signal A** as an 
input, and a Y decoder is provided for selecting the bit 
(digit) lines (D 1 through with the address signal as 
an input A sense amplifier reads out data stored in the 
memory cells, a write circuit writes data to the memory 
cells in accordance with irput data D in , and an erase cir- 
cuit erases data written to the memory cells. 

After bong erased, the threshold voltage (VTM) of 
a memory cell varies largely between memory cells, as 
shown for example in Figure 6. Although there are very 
few cases, memory cells whose VTM is less than zero 
or near zero vofts exist. Memory cells having a VTM less 
than or near zero volts are called "over-erased cells". An 
"over-erased cell" is a cell in its depletion state where 
the threshold voltage of a memory cell becomes a neg- 
ative value due to erasing time being too long. 

A problem arises when an over-erased cell exists 
within a cell array. Specifically, since the VTM is less 
than 0 volts even when the word lines are in the non- 
selected state of 0 volts, the over-erased cell continues 
to keep its "on" state. Therefore, only data (eg. , "1 ") cor- 
responding to a cell in the "on" state (conductive state) 
is output from the bit line connected to the over-erased 
cell and. for example, even when the cell in an "off" state 
is selected. "0" is not output and it becomes substan- 
tially impossible to read out correct data. 

Solutions to the over-erased problem have been 
proposed, for example, in Japanese Patent Application 
Laid-Open No. 4-222994 in which a method of redress- 
ing an over-erased cell attempts to repair an over- 
erased memory cell back to a normal state. 

The method includes detecting the existence of an 
over-erased ceil after an erasing operation. When an 
over-erased cell exists, all word lines (W, through WJ 
are made to have a "high" (programming) voltage of, for 



example, 12V. With this step, electrons are poured into 
the floating gate of the memory cell due to a "tunneling" 
phenomenon, whereby the VTM of the cell in the over- 
erased state is made to rise to a positive threshold in 

5 order to repair the over-erased cell. 

Unfortunately, since this conventional method 
pours electrons by the tunneling" phenomenon into all 
cells of the memory cell array, writing is performed even 
with respect to normal cells which are not over-erased. 

10 This is a problem. The VTM of the cells has risen by the 
time the over-erasion correction writing period has 
ended. As a result, reading speed is reduced and, at 
worst, the reading operation may become defective. 
Therefore, the process of erasing and then detecting the 

is existence of an over-erased cell is again repeated until 
all over-erased cells are repaired. 

Another problem is that the over-erasion correction 
method of Japanese Patent Application Laid-Open No. 
4-222994, performs simultaneously the correction of all 

20 over-erased cells existing within a memory ceil. How- 
ever, processing such as erasing and detection of the 
existence of an over-erased cell must be performed 
repetitively after over-erasion correction writing is per- 
formed. 

25 Furthermore, this processing sequence must be 
executed repeatedly until all over-erased cells are 
removed. Hence, correcting over-erased ceils by this 
method is lengthy. Additionally, a control circuit for exe- 
cuting the sequence control for correcting over-erased 

30 cells is complicated, and because of an increase in the 
circuit scale, the aforementioned method requires a 
very large chip area for implementation on a semicon- 
ductor chip. 

Furthermore, as explained above, pouring of elec- 
ts trons due to the tunneling" phenomenon is used for 
over-erased cell correction. However, as compared to 
using "channel hot electrons" (electrons having a 
stronger energy and located in the channel region under 
the gate) which takes a few tens of microseconds, the 
40 pouring of electrons due to the "tunneling" phenomenon 
(which takes a few milliseconds) is about 100 times 
slower. This greatly lengthens the time required for cor- 
recting over-erased cells. 

Similarly. Japanese Patent Application Laid-Open 
45 No. 5-314783 provides a method for correcting an over- 
erased cell by first detecting the existence of an over- 
erased cell for each bit fine for each cell connected to a 
word line W 1 where erasing has been performed. An 
over-erased cell is repaired by continuously applying a 
so writing pulse under a voltage weaker than a normal writ- 
ing voltage (e.g., 4V for bit fanes and 6V for word lines) 
until the over-erased state is corrected. 

Because this method performs over-erasure cor- 
rection writing tor each bit, the voltage of a word line 
55 (e.g., W t ) is set and the voltages of bit lines (D 1 through 
DJ where over-erased cells exist are set in sequence. 
That is, each column address (bit line) is judged for 
whether an over-erased cell exists. When an over- 
erased cell exists, an over-erasion correction writing 
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process is performed wherein a writing pulse is applied 
under a condition (for example. 4V for bit lines and 6V 
for word lines) weaker than a normal writing voltage, 
until the over-erased state is corrected. 

Additionally, the over-erasure correction method of s 
Japanese Patent Application Laid-Open No. 5-314783. 
adopts the over-erasure correction writing based on hot 
channel electrons, and therefore the time required for 
correcting one over-erased cell is shorter than if the tun- 
neling phenomena was used. However, the correction 10 
writing needs to be performed for each bit. and in the 
case of a large storage capacity, correcting all over- 
erased cells is lengthy. 

Further, as with the above-mentioned Japanese 
Patent Application Laid-Open No. 4-222994. the control is 
circuit for executing the sequence control for correcting 
over-erased cells is complicated, and again takes up 
valuable chip real estate. 

Furthermore. U.S. Patent No. 5,237.535 to Mielke 
et al, herein incorporated by reference, shows an oper- 20 
ation for detecting the existence of an over-erased cell 
for each bit and repairing the over-erased cell by writing 
in sequence for each of the word lines, this writing oper- 
ation is performed for each bit line, and all over-erased 
cells existing within a memory cell array are corrected. 25 

This method performs the correction of an over- 
erased cell by writing under a voltage weaker than a 
normal writing voltage similarly to Japanese Patent 
Application Laid-open No. 5-314783. and a reduction in 
the over-erasion correction writing period is performed 30 
by applying a write voltage Vpp which is given as 
+ ^step -count) and proportional to a step 

count 

In U.S. Patent No. 5,237,535. the time required for 
correcting one over-erased cell is further shortened by 36 
applying a write voltage Vpp which rises in proportion to 
a step count. However, the sequence control for over- 
erasion correction writing is more complicated and the 
control circuit is extremely complex, and thus providing 
such a circuit on a chip requires a large amount of chip 40 
space. 

Also, in this method, the correction writing must be 
performed for each bit Therefore, in a very large capac- 
ity memory, as with the method proposed in the afore- 
mentioned Japanese Patent Application Laid-Open No. 45 
5-31 4783. a long time is required for correcting all over- 
erased cells. 

SUMMARY OF THE INVENTION 

SO 

In view of the foregoing problems of the conven- 
tional systems, it is an object of the present invention to 
provide a method and nonvolatile semiconductor mem- 
ory which includes memory cells having floating gates 
wherein the correction of over-erased cells is performed ss 
rapidly and chip area is reduced. 

According to a first aspect of the invention, a non- 
volatile semiconductor memory includes a plurafity of 
memory cells arrayed in row and column directions, a 



plurality of first lines for connecting the memory cells in 
the row direction, a plurality of second lines for connect- 
ing the memory cells in the column direction, an erase 
circuit for erasing data written to the memory cells, and 
a controller for applying a first voltage to the plurality of 
second lines and biasing the plurality of first lines to a 
second voltage less than a voltage which is set when 
the first lines are read-out. 

Preferably, the controller circuit (and method), after 
erasing, applies a predetermined high voltage to all of 
the bit lines simultaneously and biases all of the word « 
tines to a predetermined voltage simultaneously so that 
memory cells in an over-erased state are repaired 
simultaneously, the predetermined voltage being less 
than a voltage which is set when the word lines are 
read-out 

In a second aspect the non-volatile semiconductor 
memory further includes a circuit (and method) for 
detecting the existence of an over-erased cell after 
erasing and which, when the over erased cell exists, 
applies a predetermined high voltage to all of the bit 
lines simultaneously and biases all of the word lines to a 
predetermined voftage simultaneously, so that those 
memory cells in an over-erased state, are repaired 
simultaneously. The predetermined voltage is less than 
a voltage which is set when the word lines are read-out. 

Furthermore, in a third aspect of the present inven- 
tion, the non-volatile semiconductor memory may 
include a circuit (and method) which applies a predeter- 
mined high voltage to all of the bit lines, segments the 
memory cell array into a plurality of blocks in the bit line 
directions and sequentially biases the word line of each 
block to less than a voltage which is set when the word 
lines are read-out simultaneously, to repair over-erased 
memory cells. 

With the unique and un obvious structure and 
method of the present invention, over-erasure correc- 
tion writing is performed simultaneously with respect to 
all over-erased cells in a memory cell array. Further- 
more, the writing is performed by the pouring of "chan- 
nel hot electrons" which is about 100 times faster than 
the pouring of electrons based on the Tunneling" phe- 
nomenon. Thus, the time for correcting over-erased 
ceils is considerably shortened. 

Also, in the over-erasion correction writing of the 
present invention, the voftage applied to the word lines 
is less than a voltage which is set when the word lines 
are read-out Therefore, current flowing through one cell 
is very small (e.g., preferably in a range of 10-20 uA). 
Additionally, the number of over-erased states or mem- 
ory cells in a very low threshold voltage state is, in real- 
ity, a very small number. Therefore, power which is 
consumed during the over-erasion correction writing 
period will not be great. 

Furthermore, according to the present invention, 
after the threshold voltage VTM of an over-erased cell 
rises during the over-erasion correction writing period, it 
converges to a value (e.g.. VTM - 2V) which is control- 
led by a voltage applied to the word lines, and thus the 
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threshold voltage VTM of a normal eel) will not substan- 
tially vary. 

Therefore, with a single over-erasion correction 
writing, all the cells in the memory cell array reach a nor* 
rnal threshold voltage VTM. Thus, after over-erasion 
correction writing, sequence control, such as a re-eras- 
ing process for correcting a rise in the threshold voltage 
of a normal cell, is not required and erasing ends imme- 
diately. Therefore, the time required tor correcting an 
over-erased cell is shortened, and when over-erased 
cells are detected, only a single over-erasion correction 
writing operation is required. Thus, the processing 
sequence is very simple, the control circuit of the 
present invention is structurally very simple, and the cir- 
cuit scale and the chip area can be reduced, and the 
VTM of a normal cell will not vary during over-erasion 
correction writing period. Therefore, even if over-erasion 
correction writing is executed when only normal cells 
are present the threshold voltages VTM of the normal 
cells are still not affected. Thus, a sequence operation 
may be omitted when the existence of an over-erased 
cell is detected, and over-erasion correction writing is 
executed only when an over-erased cell exists. 

Additionally, a current flowing during an over-era- 
sion correction writing period can be reduced when the 
over-erased cells existing in the memory cell array are 
repaired several times. Thus, the width of the voltage 
source/GND (ground) wiring can also be reduced, 
thereby reducing the chip area. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other objects, aspects and 
advantages will be better understood from the following 
detailed description of preferred embodiments of the 
invention with reference to the drawings, in which: 

Figure 1 is a block diagram of an exemplary nonvol- 
atile semiconductor memory for implementing the 
over-erased cell correction structure and method 
according to the present invention; 
Figure 2 is a diagram showing a processing 
sequence of repairing an over-erased cell in a first 
embodiment of the present invention; 
Figure 3A is a flew diagram showing a processing 
sequence of redressing (eg., repairing) an over- 
erased cell in a second embocfi merit of the present 
invention; 

Figure 3B is a timing diagram for explaining a 
processing operation of repairing an over-erased 
ceH in the second embodment of the present inven- 
tion; 

Figure 3C illustrates a circuit for use with perform- 
ing the methods of the first and second embodi- 
ments; 

Figure 3D illustrates a structure used for a detection 
method for use with the present invention; 
Figure 4A is a flow diagram showing a processing 
sequence of redressing (e.g., repairing) an over- 



erased cell in a third embodiment of the present 
invention; 

Figure 4B is a timing diagram for explaining a 
processing operation of repairing an over-erased 
cell in a third embodiment of the present invention; 
Figure 4C is an exemplary circuit diagram of the 
structure for controlling and performing the method 
according to the third embodiment of the present 
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Figure 5A illustrates the apparatus and method of 
the present invention implemented on a chip with 
an internal CPU; 

Figure 5B illustrates the apparatus and method of 
the present invention implemented with an external 
CPU(offK;hip);and 

Figure 6 is a diagram showing an example of a VTM 
distribution after erasion. 



DETAILED DESCRIPTION OF PREFERRED EMBOD- 
20 IMENTS OF THE INVENTION 

Referring now to the drawings, and more particu- 
larly to Figure 1, there is shewn is a block diagram 
showing a nonvolatile semiconductor memory which 

25 can accommodate the over-erasing correction structure 
and method according to the embodiments of the 
present invention. 

Referring to Figure 1, the nonvolatile semiconduc- 
tor memory for accommodating the over-erasing correc- 

30 tion structure and method according to the 
embodiments of the present invention has a memory 
cell array 1 where a plurality of electrically writeable and 
erasable memory cells (M^ through M mn ) each having 
a floating gate are arrayed in row and column directions, 

35 a plurality of word fines through WJ which connect 
the memory cefls in the row directions, a plurality of bit 
lines (D 1 through DJ which connect the memory cells in 
the column directions, an X-decoder 2 for selecting the 
word lines (W 1 through W m ) with an address signal A^ 

40 as an input, a Ydecoder 3 for selecting the bit lines Pt 
through with the address signal as an input a sense 
amplifier 4 for reading out data stored in the memory 
cells, a write circuit 5 for writing data to the memory 
cells, and an erase circuit 6 for erasing data written to 

45 the memory cells. 

Trie nonvolatile semiconductor memory according 
to the embedments has, in order to redress (e.g., 
repair) an over-erased cell after erasing, a control circuit 
7 for controlling an operation of applying a high voltage 

so to a bit line by the Ydecoder 3 and the write circuit 5 and 
an operation of biasing a word line to a voltage less than 
the voltage which is set when the word line is read out 
by the X-decoder 2. The structures of the individual 
components of the X-decoder 2, the Ydecoder 3, the 

55 sense amplifier 4, the write circuit 5, and the erase cir- 
cuit 6 are believed to be wen within the grasp of one of 
ordinary skill in the art within the purview of the present 
application, and thus for brevity the structures will not be 
discussed in detail herein Figure 1 . 
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In the nonvolatile semiconductor memory accord- 
ing to the present invention, when data is written to a 
memory ceil (e.g., M^), a programming voltage (e.g., 
5V) is applied from the write circuit 5 through the Y 
decoder 3 to a bit line (D,), and a high voltage (e.g. 1 2V) 
is applied to a word line (W^ by the X-decoder 2. There- 
fore, a channel current flows to a memory cell (M 1 1 ) and 
the channel hot electrons are induced by this channel 
flow into the floating gate of the memory cell, so that the 
threshold voltage VTM of the memory cell rises. 

On the other hand, when written data is erased, an 
erasing voltage (for example. 12V) is applied to source 
lines (Sj throitfi by the erase circuit 6 and word 
lines (Wi through W„0 are biased to zero volts by the X- 
decoder 2. whereby the electrons stored in the floating 
gate are pulled out to the source side. With this, the 
threshold voltages VTM of the memory ceils are 
reduced (typically by 2V-3V). In this case, all the source 
lines (Si through in the memory cell 1 have been 
biased to a relatively high voltage (e.g. , 1 2 V) , so that all 
of the memory cells (M 1t through M^J in the memory 
cell array 1 are erased. 

Also, when stored data is read-out, a word line (W1 ) 
connected to the selected memory (e.g., hA v ) is biased, 
for example to 5 V, and a bit line (D<,) and the sense 
amplifier 4 are connected together through the Y 
decoder 3. With the, stored data (D^ is output from 
the sense amplifier 4. 

First Emboflnrent 

Referring to Figure 2, there is shown a first embod- 
iment of the present invention, which can be incorpo- 
rated into the nonvolatile semiconductor memory shown 
in Figure 1 . Accordingly, the description of the semicon- 
ductor memory which is the same as Figure 1 is there- 
fore omitted. 

This embodiment comprises a sequence operation 
including erasing a cell in step S1 1. After erasing, a first 
verification process may be (typically is) performed in 
step SUA and if any cells have not been erased, then 
the process reverts back to step S1 1. If all of the cells 
have been erased, then in step S12 of the over-erased 
correction writing of this embodiment control circuit 7 
controls so that a programming (high) voltage, such as 
5V, is applied to all bit lines Dj through D m and, simulta- 
neously, all word lines Wj through W m are biased to a 
voltage (eg.. 2V) less than a voltage which is set when 
the word lines are read-out As a result the threshold 
voltage VTM of only those cells in an over-erased state 
rises, and the over-erased state is corrected as men- 
tioned in greater detail below with regard to the second 
embodiment. Thereafter, verification of the over-erased 
cells is performed in step S12A 

It is noted that the first verification step (ag., step 
Si 1 A) is different from the second vesication step (e.g., 
step S12A) in that the first verification step applies a 
reading voltage (e.g., 5V) to the ceils whereas in the 
second verif ication a "0" voltage is applied to verify the 



repair of the over-erased cells. 

Further, as explained below, in the first embodiment 
there is no possibility that the VTM of a normal cell var- 
ies during the over-erasion correction writing period. 

5 Therefore, even if over-erasion correction writing is exe- 
cuted in a state where no over-erased cells exist, the 
threshold voltages VTM of the cells do not vary. Thus, a 
sequence operation is omitted in which the existence of 
an over-erased cell is detected, and over-erasion cor- 

10 recti on writing is executed only when an over-erased 
cell exists. 

Thus, in the first embodiment the existence of an 
over erased cell is not first determined, but instead the 
first embodiment simply applies a correcting voltage to 

is all cells, whether they need correcting or not. 

With the omission of the sequence operation of 
detecting the existence of an over-erased cell, the over- 
erasion writing period is simplified, and a control 
sequence of detecting the existence of an over-erased 

20 cell and starling over-erasion correction writing only 
when an over-erased cell exists becomes unnecessary. 
Therefore, the control circuit 7 is very simple, and takes 
up little area on a chip. 

An exemplary circuit diagram for the first embodi- 
es ment is shown in Figure 3C including the memory cell 
array 1, the X-decoder 2, the Y-decoder 3, the sense 
amplifier 4, the write circuit 5, the erase circuit 6, and the 
control circuit 7 for controlling the above-mentioned cir- 
cuits of the semiconductor memory through issuance of 

30 signals thereto, and is discussed briefly below. 

Briefly, the cells are first erased by application of an 
erasing voltage controlled by the control circuit 7 
through the erase circuit. That is, when written data is 
erased, an erasing voltage (for example, Vps which may 

ss be 1 2V) is applied to source lines Si through Sm by the 
erase circuit 6 and word lines W 1 through W m are 
biased to zero volts by the X-decoder 2 with the circuitry 
shown, whereby the electrons stored in the floating gate 
are pulled out to the source side. Hence, the threshold 

40 voltages VTM of the memory cells are reduced. In this 
case, all the source lines S\ through S m in the memory 
celt array 1 have been biased to a relatively high voltage 
(e.g.. 12V), so that all of the memory ceils through 
M nm in the memory cell array 1 are erased. It is noted 

45 again that, with the first embodiment, no detection of 
over-erased cells is performed prior to over-erasure cor- 
rection writing. 

Conversely, when data is written to a memory cell 
(e.g., M ni ), the control circuit 7 controls so that a pro- 

so gramming voltage (e.g. , 5V) is applied from the write cir- 
cuit 5 through the Y decoder 3 to a bit line (D t ), and a 

high voltage (e.g. 12V) is applied to a word line (Wt) by 
the X decoder 2. It is noted that the write circuit 5 is 
applied with a 5V or OV depending upon whether the 
55 write circuit 5 is writing data or not. Therefore, as men- 
tioned above, a channel current flows to a memory cell 
(M n ) and the channel hot electrons are induced by this 
channel flow into the floating gate of the memory cell, so 
that the threshold voltage VTM of the memory ceil rises. 
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It is noted that tor the verification steps of the first 
embodiment, the first verification step applies a rearing 
vottage (e.g.. 5V) to the cells whereas in the second ver- 
ification a "0" voltage is applied to verify the repair of the 
over-erased cells. Specifically, a word line (W1) con- 5 
nected to the selected memory cell (e.g., M 1 ,) is biased, 
for example to 5V, and a bit line (Dj) and the sense 
amplifier 4 are connected together through the Y- 
decoder 3. With this, the first verification is performed 
and stored data (D^O is output from the sense amplifier 10 
4, as shown in Figure 3C. 

As mentioned above, the first embodiment does not 
first detect over-erased cells, but instead the first 
embodiment simply applies a correcting voltage to all 
cells, whether they need correcting or not. is 

Second Embodiment 

Referring now to Figures 3 A and 38, there is shown 
a flow diagram and voltage timing charts for redressing 20 
an over-erased cell produced by an erasing operation in 
step S200. Further, Figure 3C illustrates the circuit dia- 
gram of a circuit for use with the second embodiment 
(as well as the first embodiment as discussed above) of 
the present invention. 25 

In step S200 of Figure 3A, the existence of an over- 
erased cell is delected. Detection of the over-erased cell 
may be performed, for example, by setting QV (applied 
to the cells as shown in Rgure 3D) to 0V. In an over- 
erased cell, VTM < QV. Thus, when an over-erased cell 30 
exists, the bit line is pulled down by the over-erased celi. 
Thus, Dqu, from sense amplifier 4 goes "High". If no 
over-erased cell exists, then D OLrt is "Low*. 

If an over-erased call does not exist the processing 
ends. However, if an over-erased cell exists, the 35 
processing proceeds to step S300. In step S300. over- 
erased correction writing is performed, as discussed 
below. The process of the second embodiment will end 
after over-erasure correction writing is performed in 
step S300. H is noted that, while not illustrated in Rgure 40 
3A. verification may be performed (similarly to step 
S12A in Rgure 2 discussed above) between step S300 
and the end of processing. 

In the over-erasion correction writing in step S300, 
as shown in Rgure 3(B), control circuit 7 controls so that 45 
a programming voHage (e.g., 5 V) is applied to all bit 
lines D-, through D n in the memory cell array 1 simulta- 
neously, and all word lines (V^ through WJ memory 
cells are biased simultaneously to a predetermined volt- 
age (e.g. t 2V) less than a voltage (e.g., 5V) which is set so 
when the word lines are read out. 

In this case, the VTM of an over-erased cell is rela- 
tively low (e.g., as mentioned above on the order of 
VTM » -1V). Therefore, if the control gate of the over- 
erased cell is biased to 2V, a channel current will flow, 55 
and the channel hot electrons induced by the channel 
current wiB be poured into the floating gate, so that the 
VTM gradually rises. The rise in the threshold voltage 
VTM of the memory cell continues during the time a'cell 



in the over-erased state is turned "on" and a channel 
current flows. When the VTM has risen to the word line 
voltage of 2V, the cell is turned "off" and the rise in VTM 
is stopped. 

On the other hand, because the VTM of a normal 
cell is 3V (relatively high), the cell is not turned "on" 
even H the control gate is biased to 2V. Therefore, a 
channel current also does not flow and channel hot 
electrons are not induced in the normal cell. Thus, the 
VTM will not vary during the over-erasion correction 
writing period. 

According to the second embodiment of the present 
invention, over-erased correction writing is performed 
simultaneously with respect to all over-erased cells 
which exist within a memory cell array, and furthermore, 
the writing is performed by the pouring of channel hot 
electrons, which is about 100 times faster than the pour- 
ing of electrons based on the "tunneling" phenomenon. 

Further, the second embodiment reduces program- 
ming time, since only the cells which have an over- 
erased state are corrected. Specifically, detection takes 
approximately 1 00-200ns and the correction speed is 1- 
2 seconds. Therefore, the time required for correcting 
over-erased cefls is considerably shortened compared 
to the first embodiment since 1 -2 seconds will be saved 
if no correction needs to be performed. 

Incidentally, because the over-erasion correction 
writing in the second embodiment uses channel hot 
electrons which are induced by causing a channel cur- 
rent to flow through an over erased cell, one would nor- 
mally consider that the power consumed during over 
erasion correction writing period will become large. 
However, since the voltage of 2V applied to the word 
lines is less than the reading voltage of 5V which is set 
when the word lines are read-out, the current flowing 
through one cell is very small. 

Additionally, as mentioned above, the number of 
over-erased states or memory cells in a very low thresh- 
old voltage state is usually a very small number, as 
shown in Rgure 6. Therefore, as a practical matter, the 
power consumed during the over-erasion correction 
writing period is not problematic. 

Furthermore, according to the present invention, 
after the threshold voltage VTM of an over-erased cell 
rises during the over-erasion correction writing period, it 
converges to a value (ag., VTM = 2 V) which is control- 
led by a voltage applied to the word lines, and the 
threshold voltage VTM of a normal cell will not substan- 
tially vary (if at all). Therefore, with a single over-erasion 
correction writing, all the cells in the memory cell array 
reach a normal VTM. Hence, in this embodiment after 
over-erasion correction writing, sequence control, such 
as a re-erasing process for correcting a threshold volt- 
age rise in a normal cell, is not required, and erasing 
ends immediately. Therefore, the time required for cor- 
recting an over-erased cell is considerably shortened, 
especially compared to the conventional methods. 

Further, as mentioned above, when over-erased 
cells are detected, only a single over-erasion correction 



6 



<EP 0778583A2J_> 



11 



EP0 778 583 A2 



12 



writing operation is required. Thus, the processing 
sequence is very simple. Hence, a control circuit (see 
the control circuit 7 of Figure 3C) for executing this 
sequence is not complex. Thus, the circuit scale is 
reduced, and the control circuit may be built compactly, s 
so as not to consume much chip real estate. 

Figure 3C illustrates an exemplary circuit diagram 
which is for use with the nonvolatile semiconductor 
memory 1 and methods of the first and second embod- 
iments of the present invention, and which illustrates the 
inputs of the various control voltages (and their origins) 
from the control circuit 7 to the various circuits of the 
semiconductor memory. 

First it is noted, for example, that the following 
exemplary voltages are provided for the present inven- 
tion. For example, in a write mode, the word lines are 
applied with 12V, the source lines are floating, and the 
bit lines are at 5V or OV. In the erasing mode, the word 
lines are at OV and the source lines are at 1 2V, whereas 
in the reading mode the word lines are at 5V and the 
source lines are at OV. 

Briefly, erasing is performed by control circuit 7 con- 
trolling so that an erasing voltage of 12V is applied to 
source lines S<\ through SJ by the erase circuit 6 and 
word lines (W 1 through W m ) are biased to zero volts by 
the X decoder 2. whereby the electrons stored in the 
floating gate are pulled out to the source side. Hence, 
the threshold voltages VTM of the memory cells are 
reduced. Since all the source lines (S 1 through in 
the memory cell 1 have been biased to a relatively high 
voltage (e.g.. 12V), all of the memory cells (M^ through 
in the memory cell array 1 are erased. 

Then, the existence of an over-erased cell is 
detected by the circuit of Figure 3C through the use of 
the OED (over-erased detection) signal shown in Figure 
3C generated through the X -decoder 2 to the word lines 
and ultimately to control circuit 7. During over-erasure 
detection (as well as during writing and read-out), a bias 
voltage is applied to the erase circuit 6. 

Thereafter, cver-erasion correction writing is per- 
formed for the defective cell(s). Defective cells are 
applied with the high correcting (programming) voltage. 
Specifically, the programming voltage of 5V is applied to 
all bit lines D n through D n in the memory cell array 1 
simultaneously, and all word lines W 1 through W m ere 
biased simultaneously to a predetermined voltage (e.g., 
2V) less than the reading voltage (e.g., 5V) which is set 
when the word lines are read-out. Since the VTM of an 
over-erased cell is relatively low, if the control gate of 
the over-erased cell is biased to 2V, a channel current 
will flow, and the channel hot electrons induced by the 
channel current will be poured into the floating gate, so 
that the VTM gradually rises, as explained above The 
rise in the threshold voltage VTM of the memory cell 
continues during the time a cell in the over-erased state 
is turned "on* and a channel current flows. When the 
VTM has risen to the word line voltage (2V), the cell is 
turned "off" and the rise in VTM is stopped. 

On the other hand, as mentioned above, because 



the VTM of a normal cell is high (eg.. 3V), the cell is not 
turned "on* even if the control gate is biased to 2V. 
Therefore, a channel current does not flow and channel 
hot electrons are not induced in the normal cell. Thus, 
the VTM will not vary during the cver-erasion correction 
writing period. 

Thus, the control circuit 7 controls so that a pro- 
gramming voltage (approximately 5V) is applied to the 
bit lines of the memory cell array and a lower voltage 
(approximately 2V) is applied to the word lines of the 
memory cell array. The lower voltage is selected to be 
less than the threshold voltage (eg., 3V) for a normal 
cell such that normal cells are not affected. However, 
the cells in an over-erased state will become active by 
the lower threshold voltage and begin conducting, 
thereby causing a channel current to flow to the over- 
erased memory cells. Channel hot electrons induced by 
this channel flow into the floating gate of the memory 
cell raise the threshold voltage (VTM) of the memory 
cell to a normal level. 

Third Embodiment 

Figure 4A is a flowchart for illustrating a third 
embodiment of the present invention, Figure 4B is a tim- 
ing chart for explaining a third embodiment of the 
present invention, and Figure 4C illustrates an exem- 
plary circuit diagram tar the structure according to the 
third embodiment of the present invention. A key feature 
of the third embodiment is that the word lines are 
divided into predetermined fractions for correction. 

Referring to Figures 4A-4C, first, in step S400 all of 
the memory cells are erased, as cBscussed above. 
Thereafter, a high voltage (e.g.. 5V) is applied to all bit 
lines (D, through D n ) during an over-erasion correction 
writing period. 

The cver-erasion correction writing period is 
divided into predetermined fractions, with cells con- 
nected to word lines being processed in each fraction. 
During a first fraction (e.g.. a first half as shown in Fig- 
ure 4A) of the over-erasion correction writing period, a 
fraction (e.g.. half) of the word fines (for example, includ- 
ing W 1 through WJ2; however rt does not matter which 
portion a half is selected, or if a lesser fraction of the 
word lines is selected) are biased to less than a voltage 
(e.g., 2V) which is set when the word lines are read-out 
(step S401), and the remaining fraction(s) (including 
word Ones W^+l through are biased to be set to 
a non-selected slate With this arrangement current 
flows through the cells in the over-erased state con- 
nected to the word lines (W 1 through Wp/2), and the 
over-erased state of the upper area of the memory cell 
array 1 is corrected. 

As discussed above, a verification step is per- 
formed typically after an over-erasure correction writing 
period (Step S402). 

In step S403, the remaining fraction (eg., half) of 
cells connected to word lines is corrected. During the 
second half of the over-erasion correction writing 
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period, the remaining half of the word lines (W„/2+1 
through WJ are biased to less than a voltage (for 
example. 2 V) which is set when the word lines are read- 
out, and the word lines (V^ through W^), are set to a 
non-selected state (e.g.. 0V). With this arrangement 5 
current flews through the cells in the ever-erased state, 
connected to the word lines (W^+l through WJ, and 
the ever-erased state is corrected. It is noted that the 
signal line receiving the inverted C1 and C2 signals in 
the X-Decoder shown in Figure 4C is effectively "cut" for w 
C2 (the second correction) (shown in the area of the X- 
decoder 2 for processing the lower address portion of 
the memory cell array 1), whereas the signal line receiv- 
ing W+C1 in the X-decoder 2 is effectively "cuT tor C1 
(the first correction) (shown in the area of the X-decoder 1S 
for processing the upper address portion of the memory 
cell array 1) under the control of the control circuit 7. 

Finally in S404. another verification process may be 
performed by applying, for example, OV to the cells. 

According to the third embodiment, the over-erased 20 
cells connected to the word lines in the memory cell 
array are divided into, for example, a plurality of frac- 
tions (e.g.. two) and are redressed (repaired), so that 
the current flowing during the over-erasion correction 
writing period can be reduced in half. TTius. the width of 2s 
the voltage source/OND wiring can also be reduced in 
half, and the chip area reduced. As mentioned above, 
the cell array can be divided Into other fractions besides 
one-half (eg.. 1/3. 1/4. ...etc.) and the above-described 
method of the third embodiment would be modified sim- 30 
ply to have three, four ... etc. over-erasion correction 
operations. 

In this embodiment, all over-erased cells existing in 
the memory cell array can be redressed with two (e.g., 
the number of fractions of divided word lines) over-era- 35 
sion correction writing operations. Therefore, as com- 
pared with the conventional methods in which the 
tunneling phenomenon is used or an over-erased cell is 
redressed for each bit. the recessing of over-erased 
cells wfll be completed more quickly. Therefore, in this 40 
embodiment, high-speed redressing of over-erased 
cells is performed with a reduction in the chip area 

According to the present invention, as described 
above, over-erasion correction writing is performed by 
applying a high voltage to bit lines and biasing word 4$ 
lines with a voltage less than that normally used to read- 
out the word lines. Therefore, even in a large nonvolatile 

semiconductor memory, the present invention is advan- 
tageous since an over-erased cell can be corrected 
quickly the control circuit becomes structurally simple, so 
and the chip area is reduced. 

Furthermore, the method and apparatus can be 
implemented not only in a chip with the CPU thereon, 
but also could be incorporated with an external CPU 
For example, Figure 5A illustrates the inventive dr- 55 
curt/method implemented in a chip with an on-board 
CPU, whereas Figure 5B illustrates the inventive cir- 
cuit/method incorporated with an external CPU (off- 
chip). 



While the invention has been described in terms of 
several preferred embodiments, those skilled in the art 
will recognize that the invention can be practiced with 
modification within the spirit and scope of the appended 
claims. 

Claims 

1 . A nonvolatile semiconductor memory, comprising: 

a plurality of memory cells arrayed in row and 
column directions; 

a plurality of first lines for connecting said 

memory celts in the row direction; 

a plurality of second lines for connecting said 

memory cells in the column direction; 

an erase circuit for erasing data written to said 

memory cells; and 

a controller for applying a first voltage to said 
plurality of second lines and biasing said plural- 
ity of first fines to a second voltage less than a 
voltage which is set when the first fines are 
read-out. 

2. A nonvolatile semiconductor memory according to 
claim 1, wherein said controller further includes 
means for detecting an over-erased memory cell. 

3. A nonvolatile semiconductor memory according to 
claim 2, wherein said controller detects an over- 
erased memory ceO before applying a voltage 
thereto. 

4. A nonvolatile semiconductor memory according to 
claim 2, wherein said controller applies a voltage to 
said over-erased memory cell before detecting said 
over-erased memory cell. 

5. A nonvolatile semiconductor memory according to 
claim 1, wherein said controller divides said mem- 
ory cells into a plurality of predetermined fractions, 
and applies a voltage to a first predetermined frac- 
tion of said plurality of predetermined fractions of 
said memory cells before applying said voltage to a 
second predetermined fraction of said plurality of 
predetermined fractions of said memory cells. 

6. A nonvolatile semiconductor memory as recited in 
claim 1 , wherein said pluraSty of memory cells com- 
prise electrically writeable and erasable memory 
cells each having a floating gate, said memory fur- 
ther comprising: 

an X-decoder for selecting said first lines with 

an address signal as an input; 

a Ydecoder for selecting said second Ones with 

the address signal as an input; 

a sense amplifier for reading out data stored in 

said memory cells; and 
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a write circuit for writing data to said memory 
cells in accordance with input data, 

wherein said first voltage is approxi- 
mately 5 volts. 

7. A nonvolatile semiconductor memory as recited in 
claim 1 , wherein said first lines comprise word lines 
and said second tines comprise bit lines, and 

wherein said second voltage is approxi- 
mately 2 volts. 

8. A nonvolatile semiconductor according to claim 1 , 
wherein said nonvolatile semiconductor memory is 
implemented in a chip with an on-chip central 
processing unit 

9. A nonvolatile semiconductor according to daim 1 , 
wherein said nonvolatile semiconductor memory is 
implemented in a chip with an external central 
processing unit 

10. A nonvolatile semiconductor memory as recited in 
daim 1 t further comprising: 

means for applying a predetermined voltage to 
all ol said plurality of second lines, for segment- 
ing said memory cell array into a plurality of 
blocks in said second line directions, for 
sequentially biasing said first line of each block 
to less than a voltage which is set when said 
first lines are read out at a same time, and for 
repairing memory cells in an over-erased state, 
which exist within said blocks, in units of said 
block. 

11. A nonvolatile semiconductor memory, comprising: 

a memory cefl array including a plurality mem- 
ory cells arrayed in first and second directions; 
a plurality of first lines for connecting said 
memory cells in the first direction: 
a plurality of second lines for connecting said 
memory cells in the second direction; and 
a controller for applying a first voltage to said 
plurality of second lines and for biasing said 
plurality of first lines to a second voltage so that 
threshold voltages (VTM) of memory cells in an 
over-erased state rise to that of a memory ceil 
in a non-over-erased state, 
said second voltage being less than a voltage 
used to read out a first line. 

12. A nonvolatile semiconductor memory as recited in 
claim 11, wherein said first lines comprise word 
lines and said second lines comprise bit lines, fur- 
ther comprising: 

an X-decoder for selecting said word lines with 
an address signal as an input; 



a Ydecoder tor selecting said bit lines with the 

address signal as an input; 

a sense amplifier for reading out data stored in 

said memory cells; 
5 a write circuit for writing data to said memory 

cells in accordance with input data; and 

an erase circuit for erasing data written to said 

memory cells, 

wherein said first voltage is in a range of 
10 approximately 3 to 8 volts. 

13. A nonvolatile semiconductor memory as recited in 
claim 11. wherein said second voltage is in a range 
of approximately 0 to 3 volts. 

15 

14. A method of raising the threshold voltages of over- 
erased memory cells in a memory cell array, com- 
prising steps of: 

20 applying a first voltage to a plurality of first lines 

in said memory cell array; and 
applying a second voltage to a plurality of sec- 
ond lines in said memory cell array, said sec- 
ond voltage being less than a voltage threshold 

25 of a memory cell in a non-over erased state. 

15. A method according to daim 14, wherein said first 
voltage is in a range of approximately 3 to 8 V. 

30 16. A method according to daim 14, wherein said sec- 
ond voltage is in a range of approximately 0 to 3 V. 

17. A method according to daim 14, wherein said first 
voltage is in a range of approximately 3 to 8 vote 

35 and wherein said second voltage is in a range of 
approximately 0 to 3 volts. 

18. A method according to claim 1 4, further comprising 
a step of: 

40 

determining if an over-erased cell exists in said 
memory cell array prior to said steps of apply- 
ing a first voltage and applying a second volt- 
age. 

45 

19. A method according to claim 14, wherein said steps 
of applying said first voltage and applying said sec- 
ond voltage comprise steps of: 

so applying a first voltage and applying a second 

voltage without determining whether an over- 
erased cell exists in said memory cell array. 

2a A method according to daim 14, further comprising 
55 steps of: 

dividing said second lines into a first portion 
and a second portion; 

applying said second voltage to said first por- 
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tion of said second lines fa a predetermined 
time period; and 

applying said second voltage to said second 
portion of said second lines for another of said 
predetermined time period. s 
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